The spectroscopy and photochemistry of protoporphyrin IX in ethanol and in Triton X-100 micelle solution have been examined using near-infrared two-photon excitation (TPE). TPE will allow photodynamic therapy with highly localized light dosage. We have determined that the photochemistry subsequent to TPE is very similar to that found for one-photon excitation. Moreover, the photoproducts observed possess very intense TPE fluorescence spectra, which allows their detection at low relative concentrations.
INTRODUCTION
There is increasing interest in the application of activating photosensitizers via the simultaneous absorption of two nearinfrared (NIR) † photons (1-3) of femtosecond pulse duration. Photodynamic therapy (PDT) using two-photon excitation (TPE) offers many fascinating possibilities. As has been illustrated in TPE fluorescence microscopy of skin (4) , there is a 10-100-fold increase in the depth of penetration of NIR laser light compared with visible light. This presents the possibility of PDT deeper within a tumor. Additionally, highly localized PDT is essential for treatment of sensitive tissues such as those found in the PDT of age-related wet macular degeneration. Because TPE depends on the square of the laser beam power density, the efficiency of TPE is greatest at the focus of a highly focused laser beam. This has proven advantageous in the application of imaging live specimens because there is much less out-of-focus photodamage than in conventional linear confocal microscopy (5). Thus, using TPE, one can potentially confine the photody¶Posted on the website on 1 November 2000. *To whom correspondence should be addressed at: Department of Chemistry, University of Calgary, 2500 University Dr. N.W., Calgary, AB T2N 1N4, Canada. Fax: 403-289-9488; e-mail: dcramb@ucalgary.ca †Abbreviations: 5-ALA, 5-aminolevulinic acid; NIR, near infrared; OPE, one-photon excitation; PDT, photodynamic therapy; PpIX, protoporphyrin IX; Ppp673, PpIX photoproduct 673; Ppp676, PpIX photoproduct 676; R6G, rhodamine-6-G; TPE, two-photon excitation.
namic effect to a focal volume on the order of ϳ1 m 3 , as we have shown in a recent study (6) of multiphoton photodynamics of latex nanospheres.
Many previous attempts at TPE applied to PDT have been limited by laser-induced hyperthermia at the high fluences needed to drive two-photon transitions. This was primarily due to the use of 1.06 m (i.e. Nd:YAG) lasers (7) . At this wavelength there is significant one-photon absorption by water. Because light in the range 700-800 nm has only very weak linear absorption in biological samples (5) , laser-induced hyperthermia is minimized. Thus, it is possible to activate a photosensitizer while simultaneously imaging a single cell or tissue using TPE. Recently, Madsen et al. (8) have described the use of TPE fluorescence microscopy for imaging 5-aminolevulinic acid (5-ALA)-induced protoporphyrin IX (PpIX) production in human glioma spheroids. From the results of our study, we can confirm that it is very unlikely that the imaging itself induces a photodynamic effect under the conditions used by Madsen et al. (8) (laser power at sample Յ 10 mW).
Fischer et al. (1) have presented a comprehensive study of the excitation and emission properties of psoralen derivatives using NIR-TPE. Moreover, they have demonstrated the feasibility of two-photon PDT using Salmonella typhimurium. Their work has provided the impetus to explore the photochemistry behind two-photon PDT using other sensitizers. In our work, we have chosen to study the TPE and photochemistry of protoporphyrin IX (PpIX). Protoporphyrin IX is the sensitizer generated in situ when a specimen or subject has been administered its metabolic precursor, 5-ALA (9) . The photochemical behavior of PpIX has been extensively documented (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) and thus serves as an excellent test case for TPE-PDT. Furthermore, because the photochemical behavior of PpIX may depend on the mode of excitation, TPE studies may help to shed light on some of its photodynamic anomalies.
In this communication we describe the study of two-photon excited fluorescence of PpIX in ethanol (polar) solution and in Triton X-100 micelle (nonpolar) solution. We obtain excitation volumes on the order of 1 m 3 . Thus, the data are collected under optical conditions analogous to two-photon imaging. Additionally, because these optical conditions represent an excitation volume limited only by the diffraction of light, our results represent conditions expected for application of PDT with the highest possible volume selectivity. We have used pure solvents in order to compare directly our findings with other studies using one-photon excitation (OPE). We find that two-photon PpIX fluorescence photobleaching rates are comparable to those for OPE and that the photodynamics appear to mimic those for OPE. Moreover, we find that the chlorin-type photoproducts of PpIX photobleaching have large TPE efficiency. This has provided a means to examine photoproduct behavior at low concentrations.
MATERIALS AND METHODS
Solution preparation. All chemicals were used as received by the supplier without further purification. All solutions were prepared in darkroom conditions and covered to prevent light exposure prior to experiments. PpIX (3,7,23,27-tetramethyl-8,13-divinyl-2,18-porphinedipropionic acid; Sigma, St. Louis, MO) solutions were made using a dry preparation method from a methanol solution (OmniSolv; EM Science). A stock solution of 10 Ϫ4 M PpIX in methanol was pipetted into small containers and allowed to evaporate. A specific volume of absolute ethanol or 10 Ϫ4 M micelles of t-octylphenoxypolyethoxyethanol (Triton X-100; Sigma) in distilled, deionized water was added to the dried PpIX, then stirred and sonicated to create a 10 Ϫ5 M PpIX solution. Sample preparation for two-photon fluorescence spectra. A small amount of stirred, sonicated and cooled sample solution was placed in the center well of a three-well microscope slide. A coverslip of 0.13-0.16 mm thickness (Corning Brand, no. 1; VWR Canlab, Mississauga, ON) was sealed on the slide with mounting medium (Cytoseal 280; VWR) that gave the best seal and prevented air leaking into the sample chamber.
Two-photon fluorescence spectra. 532 nm output of a Millenia V diode-pumped Nd:YVO 4 continuous wave laser (Spectra-Physics, Mountain View, CA) set at 5 W was used to pump a model 3941-M1S Tsunami fs mode-locked, tunable Ti:sapphire laser (model 3941-M1S; Spectra-Physics), operating at 82 MHz. The pulse was analyzed using a Laser Spectrum Analyzer (model E200; IST-REES) and found to have a pulse width of ϳ40 fs leaving the laser. The beam was steered onto a 3-mm aperture using ultrafast mirrors (Melles Griot, Irvine, CA) to minimize pulse broadening. A polarizing prism was used to control the intensity of the beam. The beam width was adjusted using a Galilean beam expansion system to ensure that it filled the back aperture of the microscope objective (100ϫ, Planapochromat, numerical aperture 1.4, oil immersion; Carl Zeiss Canada, Don Mills, ON). The beam entered the Zeiss Axioplan 2 microscope (Carl Zeiss) and was then reflected by a dichroic mirror (RMP2 special; CVI Inc., Albuquerque, NM) through to the compound objective lens. The same objective collected the fluorescence from the sample and passed it through the dichroic mirror. The fluorescence signal was collected by a microscope photometer (MPM 400, controlled by an MSP21 Microscope System Processor; Carl Zeiss Canada) with a slit width of 20 nm on the monochrometer to maximize the signal-to-noise ratio, thus shortening the data collection time. The photometer was controlled with Lambda Scan software (version 1.6; Carl Zeiss Canada). The duration of one scan is 87 s. Data collection times varied from several hours to several days, with the sample being continuously exposed to the excitation beam.
RESULTS

Two-Photon Spectroscopy
In Fig. 1 , we display a series of PpIX solution spectra that are taken after various NIR laser exposure intervals. The two-photon fluorescence excitation spectra of 10 Ϫ5 M PpIX in both solutions display the classic feature with an intensity maximum at approximately 632 nm (see Fig. 1 ). The maxima for the different solvents were 632.1 nm and 630.9 nm for TX-100 micelle/aqueous and ethanol solutions, respectively. This slight shifting reflects the solvent-excited state interactions and is likely governed primarily by dispersive interactions (23, 24) . There is a second feature in the TPE fluorescence spectrum, typical of a one-photon PpIX photoproduct fluorescence spectrum. This feature appears near 673 nm as a function of laser exposure time and/or when the solutions are exposed to room light. Thus, this TPE feature is consistent with a photoproduct of PpIX and will be referred to as Ppp673 (i.e. PpIX photoproduct 673). This feature displays a much stronger TPE wavelength dependence than does the 632 nm feature. Within the tuning range of our laser, the 673 nm (in TX-100, 674.5 nm for ethanol) feature appears to have an excitation maximum around 746 nm. This is the energetic equivalent of a single 373 nm pho- ton, placing excitation into the blue edge of a typical porphyrinic Soret spectral feature. When the solutions are prepared in a darkened room, the second feature appears at 676 nm (675.5 nm for ethanol) but displays similar TPE behavior in that there is an excitation maximum near 746 nm. It is possible that this shifted feature is a minor impurity in the starting material that rapidly photobleaches but does not lead to Ppp673. The TPE process suggests that the fluorescence measured should be a quadratic function of the average laser power (1, (25) (26) (27) . In Fig. 2 , we have plotted the natural logarithm of fluorescence intensity for PpIX in ethanol and the photoproduct versus the natural logarithm of laser power measured at the back aperture of the objective lens. The slopes of these plots represent the number of simultaneously absorbed photons promoting excitation into a resonant electronic state (6) . The slopes of these plots are 2.2 Ϯ 0.07 and 2.0 Ϯ 0.15 for PpIX and the photoproduct, respectively. This confirms a TPE into the Soret region of the OPE spectrum. Here ϭ 790 nm was used for excitation to maximize the power stability of the Ti:sapphire laser.
One can estimate the two-photon absorption cross section, ␦, for PpIX by comparing it with a known dye under exactly the same excitation conditions. We have chosen to use rhodamine-6-G (R6G) as our standard because of its stability and high fluorescence quantum yield. The ␦ for R6G has been previously measured (24) as 1.2 ϫ 10 Ϫ49 cm 4 s photon Ϫ1 at ϭ 1060 nm. Knowing this, one can calibrate the TPE spectrum of R6G using a previously recorded TPE laser-induced fluorescence excitation spectrum (data not shown). We have measured the fluorescence intensities of R6G and PpIX, both at 10 Ϫ5 M in ethanol, at four different wavelengths: 760 nm, 770 nm, 780 nm and 790 nm. We have calculated ␦ for PpIX using the following equation (23): 
Photodynamics
In order to follow PpIX photokinetics via the changes in its TPE fluorescence spectrum, the features were fit via nonlinear least squares using a sum of two Gaussian functions. The center wavenumbers were fixed where appropriate and the intensities and spectral widths were allowed to float until the fit converged (28) . Within a given kinetic run, there appeared to be no spectral shifting of either feature. An example of a spectrum and the best Gaussian fit is given in Fig. 3 . For the TX-100 solution, prepared and exposed to room light, the PpIX fluorescence peak near 632 nm was observed to decrease in intensity and the peak at 673 nm concomitantly to increase in intensity. The plots of these photokinetics (laser power 300 mW at back aperture of microscope objective) are displayed in Fig. 4 . In each case, an apparent steady state develops where the intensities of the two peaks no longer change. The data could Ϫ5 M PpIX in ethanol solution. Data were fit by a two-step series of single exponentials yielding rate constants of 0.004 min Ϫ1 and 0.026 min Ϫ1 for the first and second step, respectively. The laser wavelength was 746 nm and the intensity was 300 mW at the back aperture of the microscope objective.
be fit with single exponentials in both cases. The rate constants are given in Table 1 .
For ethanol solution, under the same preparation and laser light conditions, the PpIX fluorescence loss displayed a slower photokinetic decay. Moreover, the growth of the photoproduct follows a sigmoid growth curve. This could result from either a two-step series reaction or an autocatalytic feedback reaction. The data are presented in Fig. 5 . Here again the data suggest that the system approaches a steady state, albeit more slowly.
Under completely dark preparation conditions and high laser fluence, both the PpIX peak and the protophotoproduct peak around 676 nm were observed to decrease in intensity with time of exposure and to follow first-order kinetics.
A lower laser power (120 mW) experiment was also conducted on the PpIX ethanol solution. The change of fluorescence intensity versus time of exposure is plotted in Fig. 6 .
The kinetic data were collected over 30 h, and a slow buildup of the 675.5 nm peak was observed. There was also a slow decrease in PpIX intensity, but the data are too noisy to establish the kinetic order or calculate a reliable rate constant. Also included in Fig. 6 are the high power kinetic data scaled for equivalent linear and quadratic light dose. 
DISCUSSION
Two-photon spectroscopy
The OPE and TPE fluorescence spectra of PpIX are equivalent. This suggests that using TPE does not result in the population of an excited state with vastly different electronic characteristics than is accessible exciting with one photon. The photoproduct fluorescence spectra that we observe are very similar to those recorded in 5-ALA-treated tissues (10) (11) (12) 17, 18) . These have been suggested by Whitten and coworkers (15, 16) as chlorin products because they appear to have the red Q band feature typical of a chlorin-type photoproduct. Previous studies (10) (11) (12) 17, 18) have shown that it is difficult to identify the exact nature of the photoproduct. We have also observed this spectral feature with a maximum near 670 nm in one-photon absorbance (data not shown). The photoproducts with fluorescence maxima around 673 and 676 nm are much more sensitive to TPE wavelength in the range 820-740 nm than is PpIX. This suggests either that their Soret band features are shifted to the blue or that the two-photon transition moments within the two electronic states of the Soret band are more exclusive. The latter suggests that these two excited electronic states have a more centrosymmetric electron distribution than do the equivalent states in PpIX. This may be consistent with the recent work of Bagdonas et al. (18) where they observe that, in vitro, the chlorin photoproduct with an emission maximum at 675 nm has a strong excitation wavelength dependence of its fluorescence intensity. They find that for OPE this occurs in the opposite sense from what we observe. That is, the maximum intensity occurs while exciting at 450 nm versus 407 nm and we observe that for TPE the maximum occurs at 746 nm (373 nm equivalent one photon energy) versus 820 nm (410 nm equivalent one photon energy). This is in concordance with the parity dependence of one-versus two-photon transition moments for chromophores with inversion symmetry.
The two-photon absorption cross sections for PpIX (␦ ϭ 0.6 ϫ 10 Ϫ50 -2.0 ϫ 10 Ϫ50 cm 4 s photon
Ϫ1
) suggest that the Soret band does not reflect strong nonlinear absorption. The ␦ values for PpIX are in the same range as those for dansyl, 4Ј,6Ј-diamidino-2-phenylindole and lucifer yellow determined by Xu and Webb (25) . The small ␦ values likely reflect the small change in electric dipole moment (29) of PpIX when comparing the ground electronic state with the state involved in the Soret band. Because we do not know the fluorescence quantum yields of the photoproducts, we cannot quote their ␦ values. We submit that their ␦ values are considerably larger than those for PpIX, because we observe a considerably lower intensity ratio for PpIX/photoproduct fluorescence excitation spectra using OPE than that found by Bagdonas et al. (18) . Thus, we observe a significant contribution of Ppp673 to the fluorescence spectrum, although it has a low relative concentration.
Photodynamics
The present work shows that the two-photon destruction of PpIX and the generation of Ppp673 are intimately linked. From Fig. 1 , we see evidence of an isobestic point in the fluorescence spectra. Thus, as PpIX is bleached, Ppp673 is created. This is similar to other studies of the photodynamics of PpIX (10-12,17,18) using OPE. Because the kinetic rate coefficients for the bleaching of PpIX and the production of Ppp673 are different, the bleaching process could involve parallel channels, one of which is the conversion of PpIX into Ppp673. Our results are similar to the in vitro studies by Dietel et al. (12) , in that the photoproduct Ppp673 is itself fairly resistant to photobleaching compared with PpIX. It is interesting to note that with minimal exposure to room light the photoproduct already exists and, as we will see, it seems to promote further Ppp673 generation. Thus, Ppp673 may itself be a photosensitizer, as has been suggested by Dickson and Pottier (11) .
Solutions prepared with little or no exposure to room light present no emission feature at 673 nm, but rather one at 676 nm (we will call this product Ppp676), which is very photolabile (see rate coefficient, Table 1 ). Notably, the destruction of Ppp676 does not directly lead to detectable levels of Ppp673, although the severe overlap of these two spectra make it difficult to discern subtle changes in a spectrum that may contain unequal contributions from each. It is possible that Ppp676 is precursor to Ppp673, but we cannot be more conclusive with the present data.
We return now to the kinetics of PpIX and Ppp673. By comparing the ethanol and TX-100 micelle solutions we observe that the photobleaching rate of PpIX and the generation rate of Ppp673 are much greater in the latter. Because we are working with a 1:10 PpIX to micelle ratio, this enhanced rate should not be due to any aggregation effects. Rather, it may be due to a higher O 2 solubility in TX-100 micelles compared with ethanol. Thus, 1 O 2 produced in TX-100 reacts immediately with PpIX to generate photoproducts. In contrast, the ethanol kinetics are slow enough that a sigmoid generation curve for Ppp673 is observed (see Fig.  5 ). Many previous studies suggest that the photobleaching of PpIX is dependent upon the availability of dissolved oxygen (30) . We also make this observation, phenomenologically, for TPE. That is, when an air bubble is included in the sample chamber, we observe the data presented. When no air bubble is included, the photodynamic rates are extremely small. Therefore, this process likely involves singlet oxygen. We propose the standard mechanism for PpIX photobleaching via Eq. 2-5. The generation of singlet oxygen leads to a subsequent step for the formation of Ppp673 as found in Eq. 5. ISC 3 PpIX ϩ 2h → PpIX* → PpIX (2)
2 If the photobleaching mechanism (i.e. steps 4 and 5) is the same for both solvents, then the faster photobleaching of PpIX in TX-100 could be due to the geminate singlet oxygen being held proximal to PpIX, whereas in ethanol the singlet oxygen is freer to diffuse away. For the ethanol solution, there appears to be a delayed onset of the more rapid Ppp673 production (see Fig. 5 ). The data can be modeled using a two-step series mechanism, but we have observed no evidence of any fluorescent intermediates. Analysis of the data based on a two-step series produced rate constants of 0.004 min Ϫ1 for the first step and 0.026 min
Ϫ1
for the second. Thus, the intermediate should be easily observed but is not. Alternatively, it is possible that the mechanism in ethanol is autocatalytic. This could result if the Ppp673 is itself a photosensitizing agent that produces singlet oxygen. Therefore, an additional singlet oxygen generation step may be involved. This is given in Eq. 6.
Thus, 1 O 2 feeds back into the photobleaching and generation reactions (4 and 5) to promote an increasing rate of PpIX destruction and Ppp673 generation. Although a similar reaction in TX-100 is possible, in ethanol solution the singlet oxygen could be freer to diffuse away from Ppp673 and react with PpIX. There are closed form expressions for integrated autocatalytic rate laws. In this study, however, there are too many unknown variables to produce meaningful rate constants from the analysis. That is, we would need to know the exact concentration of the photoproducts in order to determine the rate constant for autocatalysis.
Comparing the kinetics at different photon fluxes may help confirm the number of absorbed photons necessary for photodynamic action (i.e. Eq. 2). When the photon flux is lowered by a factor 2.5, the rates of PpIX bleaching and Ppp673 generation become almost immeasurable. For a onephoton process, the rate and therefore the pseudo-first-order rate constant should decrease by a factor of 2.5. In Fig. 6 , we have plotted the high power data along with the low power data. The low power data are clearly noisier and rise much slower than at high power. The data can be scaled for linear and quadratic light dose. The scaling of the high power data for two-photon absorption is accomplished by multiplying the time scale by the square of the flux ratio (6.25), whereas the linear fluence scaling of the high power data is obtained by multiplying the time scale by 2.5. When scaled for a two-photon rate of absorption (i.e. two-photon light dose), the low and high power data agree much more closely. Thus, we have evidence that the photodynamic kinetics follow TPE and that the mechanism appears to be independent of laser fluence for the range of laser intensities applied in this work.
Finally, it is notable that a steady state is reached or approached in our photokinetic experiments. It is likely that this arises because of the large sink of available PpIX that can diffuse into the excitation volume. Recall that the excitation volume is on the order of 1 m 3 , whereas the total sample volume is approximately 3 ϫ 10 11 m 3 (0.3 mL). Therefore, the rate of depletion of PpIX will eventually equal its regeneration by diffusion. Likewise the generation of Ppp673 will reach a steady state as it will have a finite lifetime in the excitation volume defined by its exit diffusion rate.
In conclusion, one can compare conditions in the present study with those used under typical clinical conditions for OPE. A 5-ALA concentration of 1 mM typically leads to PpIX concentrations of 5 ϫ 10 Ϫ4 M (i.e. 0.5 mol/g of tissue) (21) . Light dosage varies between 40 and 200 J/cm 2 . Under these conditions, PpIX photobleaches with a halflife of ϳ20 min (17) . In the present work, we observe a photobleaching halflife on the order of 25 min for PpIX in TX-100 micelles (see Fig. 4 ). Our photon fluence is considerably higher than that used for OPE but is consistent with that used for TPE-PDT in vitro applications (1,2). The highly localized nature of TPE-PDT makes it appealing for PDT in sensitive tissues. Additionally, we note that the present study involves idealized conditions (i.e. pure solvents). Shafirovich et al. (31) demonstrated that multiphoton photodynamics in vitro can be different from those done employing OPE. We plan to carry out further studies of TPE-PDT photochemistry in vitro to assess the environmental effects on PDT. Nevertheless, we are encouraged by the similarity between OPE and TPE for PpIX found thus far.
